The divergent sampling techniques for respirable dust and the analyses for crystalline silica are an important area of interest and discussion among industrial occupational hygienists in Europe. The variety of equipment for air sampling, methods and instrumentation can cause differences between results for the analysis of respirable crystalline silica (RCS). In this study, a Workplace Atmosphere Multi-sampler (WAM), developed by Adhesia, was used to compare respirable dust samplers in the workplace. This rotating device enables the comparison of 12 samplers in a workplace in each run. Seven laboratories participated in the comparison, using six different respirable dust samplers [British Cast Iron Research Association (BCIRA) to the Higgins Dewell (HD) design, Dorr Oliver, Casella SIMPEDS, SKC HD with a polycarbonate filter and polyvinylchloride filter, and the CIP10-R). Each laboratory analysed samples supplied by the samplers and reported the total respirable dust concentration and the RCS concentration. The techniques used were X-ray diffraction direct-on-filter, X-ray diffraction with deposition, infrared direct-on-filter, and infrared with potassium bromide (KBr) discs. The experiments were carried out in four different industries (enamel, sand extraction, foundry and brickworks). Generally, the SKC conductive black plastic sampler is oversampled (y 5 1.52x  0.008) and the CIP10 is undersampled (y 5 0.74x  0.068) when compared with the median air concentration. A pair-wise comparison of the different industries using t-tests indicated significant differences (P  0.05) between the SKC conductive plastic samplers and the other samplers. The same series of statistical calculations were performed for the results obtained for RCS (quartz) and showed significant differences for the CIP10 techniques and the SKC conductive plastic cyclone analyses when using a polyvinylchloride filter.
INTRODUCTION
The protection of workers from exposure to respirable dust-containing crystalline silica is an area of concern for occupational hygienists in many countries, as large numbers of workers are potentially at risk from disease. Silicosis is the oldest known occupational disease caused by long-term exposure to respirable crystalline silica (RCS). 'Respirable' refers to the dust fraction with an aerodynamic median diameter of 4.3 µm, as stated in the NEN-EN 481 (1994) . This dust fraction is able to penetrate the deepest regions of the human respirable system: the alveoli (IARC, 1997) (sometimes also called alveolar dust; in French: poussièresalvéolaire). Therefore, harmful dusts such as crystalline silica (commonly found in the forms of α-quartz and α-cristobalite) causes damage to the lungs. This damage occurs in the form of nodular silicosis or fibrosis (IARC, Downloaded from https://academic.oup.com/annweh/article-abstract/57/1/54/211553 by guest on 08 January 2019 A comparison of the performance of samplers for respirable dust and quartz in workplaces 55 1997). The Belgian government has set the maximum exposure level to 3 mg m − ³ for respirable dust, 0.1 mg m − ³ for respirable quartz and 0.05 mg m − ³ for respirable cristobalite (UGA, 2011) , all for an 8-h time weighted average.
To assess the exposure to respirable dust, occupational hygienists use samplers that separate respirable particles from the larger non-respirable (e.g. thoracic and inhalable dust) health-related dust size fractions. The respirable dust is collected on a filter or captured in the matrix of a foam, which is then analysed for the mass of hazardous substance. Respirable samplers follow the convention, as stated in the NEN-EN 481 (1994) , defining health-related size fractions that enter the respiratory system. Variations in the sampling efficiency of respirable samplers within this size range can result in differences in collected masses of respirable dust. It is also likely that other factors, such as the use of different filters or leaks in the sampling apparatus, can also be a potential source of bias for the sampled amount of dust.
The sampler and the sampling process are not the only source of error when measuring exposure to RCS. The analytical technique is also, potentially, a source error, especially when measuring low masses in challenging environments containing interferences (Stacey, 2007) . The most common analytical techniques used in these methods to analyse RCS are infrared (IR) and X-ray diffraction (XRD). IR is more widely used, being less expensive and faster than the XRD methods (Madsen et al., 1995) . For the analysis of crystalline silica, nevertheless, the XRD analysis is also frequently encountered, as it is the only technique that measures crystalline material. It is less influenced by interferences, and it can distinguish between different types of crystalline silica (e.g. quartz, cristobalite, tridymite). Interferences for the IR analyses are well understood (Ojima, 2003) , e.g. kaolinite in coal dust (NIOSH, 1994) , but it requires an experienced analyst and knowledge of the sample to interpret a scan and to account for the presence of other silicate minerals. XRD is capable of quantifying the less common types of crystalline silica (HSE, 2005) , but this also requires a careful and skilled analyst with knowledge of the sample to interpret the results. Weighing procedures, filter and sampler preparation, calibration and the use of pumps, transport, re-weighting, filter manipulation and, finally, the divergent analyses conducted on the filter are all performed following the laboratories' standard operational procedures (SOP). SOPs may differ from the prescribed national method due to implementation of the standard method into laboratory working procedures. Nonetheless, laboratories are performing well, when analysing standard crystalline silica material in proficiency testing samples (Stacey et al., 2003) . How well methods are applied when analysing more complex material is unknown. The challenge, as stated by Stacey et al. (2009) , is the comparison of 'real' workplace samples for both gravimetric analysis and analysis for RCS using XRD and IR. It is not only important to compare the samplers but to compare the analytical techniques as well because this process includes the whole procedure carried out by occupational hygienists and laboratories when obtaining a result to assess a worker's exposure. Current proficiency testing programmes only test the proficiency of the analysis. Aerosols produced at the workplace are always believed to be inhomogeneous, and therefore, a more challenging environment to test the performance of samplers is needed. A device such as the Sputnic and the multipurpose system make it able to obtain homogeneous samples to be used in proficiency tests (Freville, 2010 ).
Parameters such as particle emission rates, air speed, equal sampling times and dust losses during handling are a technical challenge when sampling in 'real' conditions to obtain replicate samples for comparison by laboratories. To produce reproducible samples in workplaces, the authors built a rotating device called the Workplace Atmosphere Multi-sampler (WAM), which permits the comparison of 12 dust samplers in one run. The rotating device allows each sampler to sample the same point, although at a slightly different time, and the average differences in the aerosol produced by a task. In this way, replicate samples were obtained to test the performance of the measurement process.
MATERIALS AND METHODS

The different workplace atmospheres
Four different workplaces were chosen because of their disparity. An enamel factory was selected because of the known presence of free and bounded silica in the fabricated products and the presence of free vitreous-embedded silica in the workplace. A foundry was involved because of the known high respirable dust fraction present in the workplace and the presence of elementary carbon and iron, which may interfere in the RCS analysis. A sand factory was chosen to participate because of the fabrication of very pure quartz and cristobalite powders. The brickworks industry was involved for its production processes that use a variety of raw materials (e.g. kaolinite, sand). The purpose of this research was to check the comparability of the laboratories reported concentrations of quartz and to investigate the behaviour of the respirable dust samplers in various workplaces.
Samplers and pumps
Each laboratory provided two samplers with two pumps. So, it was possible to simulate the entire sampling procedure (and sampling train) of a specific laboratory in workplace conditions. About six different respirable samplers were provided by seven laboratories. Two laboratories provided an SKC Conductive Plastic Cyclone (SKC Ltd) (SKC HD): one with polyvinylchloride (PVC) filters and the other with polycarbonate filters. The provided Dorr Oliver sampler was adjusted by the laboratory (an O-ring is put on top of the filter to ensure the leak tightness of the cassette). One laboratory donated the British Cast Iron Research Association (BCIRA) metal sampler (original Higgins-Dewell design), another laboratory uses the Safety In Mines Personal Dust Sampler (SIMPEDS) from Casella, whose design is based on the Higgins-Dewell sampler, and a third laboratory provided us with the CIP 10-R sampler with rotating cup and polyurethane foam sampler (Arelco ARC). All the material was used following the requirements stated in EN 482 (2006) .
Calibration
Calibration of flow rate was done before and after sampling, using the BIOS DryCal Defender 500M for all the cyclones, except for the BCIRA cyclones, which were calibrated using a Sensidyne Gilian Gilibrator. This was done to ensure the SOP of the laboratory.
The sampling rate of the CIP10-R was speed checked with the photo tachometer ST-6236B. The CIP10-R was calibrated beforehand on the calibration bench, with 6800 ± 150 rpm to ensure 10 l min −1 .
Analyses
Each participating laboratory analysed the samplers from the sampler it provided using their own techniques and materials. Table 1 shows the techniques applied with the corresponding sampler.
APPROACH
Workplace Atmosphere Multi-sampler About eight sampling days were performed using the WAM, during two days in each industry, completing two sampling runs each day, collecting a total of 15 samples from each sampler type in total (normally, this would have been 16, but due to technical problems, two runs were lost). Sampling lines were aligned from the pumps to the crown, where the samplers were placed in a predefined position (Fig. 1) . Pairs of samplers were positioned symmetrically to one another. The minimum distance (radial) between samplers was 19 cm. Places were not switched during the runs. The rotation of the device was maintained at a constant speed of 2.8 rpm. This speed allows the samplers to be exposed equally to the dust source. Nevertheless, it is slow enough not to interfere in the sampling efficiency of the sampler. Air flow produced by the pumps, which may interfere with the inlet flow of the sampler, was shielded by two aluminium decks below the sampler positions.
Before sampling every cyclone was tested for leaks. This was performed using a self-made leak tester. The tester consisted of a barometer and a T-piece with three connections (one for the cyclone, one to the barometer and one to create a vacuum). The vacuum was created by sucking air through one of the connection tubes and then sealing them off (while the inlet of the cyclone or cassette was sealed off). A pressure drop of less than 0.1 bar for 10 s was set as leak-free limit. All cyclones and Dorr Oliver cassettes were tested for leaks. When cassettes or cyclones did not pass the test, they were reassembled (checking screw thread, O-rings, grit pots…). Filters destined for the Dorr Oliver cyclones were put into cassettes by the participating laboratory, and the cassette was then sealed using high-performance duct tape. The PVC and polycarbonate filter destined, respectively, for the SIMPEDS and BCIRA cyclones were put in two-staged transport cassettes and placed into the cassette or cyclone just before sampling.
Filters for the IR direct-on-filter (DOF) method were also used for the IR potassium bromide disk method, after they had been analysed using the DOF method.
RESULTS
Validation WAM
To ensure that the sampling of respirable dust was not disturbed by interferences from the WAM and that samplers gave reproducible results, the WAM was validated during one run in a workplace, using SIMPEDS cyclones. One run of 259 min was performed with six SIMPEDS cyclones, using 25-mm PVC filters with 5 µm pores. These filters were analysed following the HSE (Health and Safety Executive) method 14/3 (HSE, 2000) . The mean concentration of respirable dust, calculated from the dust mass collected and the volume of air sampled, was 0.641 mg m − ³, with a relative standard deviation of 2.73% (1σ).
Respirable dust comparisons in the workplace (gravimetric analysis)
Industrial hygienists frequently use the median concentration as a robust measure when working with potentially high-variance data because this statistic is less influenced by isolated extreme values than the mean. Each sampler was compared to the median value obtained from data in the same sampling run. Figure 2 shows the relation of the sampler concentration (gravimetrical analysis) per run to the overall median concentration of that particular run. The SKC conductive plastic samplers gave the highest value when compared with the other samplers (52%), and the CIP10-R gave the lowest respirable dust concentration compared with the median (26%). Lower amounts were independently and likewise found by Stacey and Thorpe (2010) and Mecchia (2009) . The BCIRA, SIMPEDS and Dorr Oliver cyclones samples are closest to the median amount.
The sequence in Table 2 refers to the sequence of the linear relationships as shown in Fig. 2 .
We used analysis of variance (one-way ANOVA) to calculate the statistical significance of differences in average sampled dust concentration between the different samplers and for each of the individual industries. For the enamel industry, no statistically significant differences were ascertained between the different samplers (F(5,21) 5 2.220, P 5 0.103). Bonferroni post-hoc multiple comparison tests con- firmed that individual samplers did not differ significantly from one another. For the foundry industry, no statistical differences were found between the different samplers (F(5,22) 5 0.767, P 5 0.586).
In the sand industry, statistical differences were observed between the different samplers (F(5,15) 5 5.051, P 5 0.014). Also for the brickworks industry, significant differences were found between the different samplers (F(5,22) 5 8.875, P 5 0.000). Table 3 shows the significant differences marked with * in the 95% confidence interval for the multiple comparisons.
Crystalline silica analyses (quartz analysis)
A major source of differences when comparing analytical techniques is, potentially, the influence of the sampled concentration of respirable dust by the sampler, although further uncertainty in the results obtained is also caused by the analysis procedure. These experiments provided an opportunity to examine the influence of both on the reported air concentration of RCS.
The air concentrations for RCS reported by the participating laboratories were compared to the median concentration for each run and are plotted in Fig. 3 .
The sequence in Table 4 refers to the sequence of the linear relationships as shown in Fig. 3 . The correlations are lower for the analysis compared with the gravimetrical curves, especially for the CIP10-R, indicating an increase in their variability. The range of results, estimated form the maximum and minimum slope coefficients for trend lines, is about 80%.
The sampler with the best correlation coefficient and relationship with the median air concentration is the SIMPEDS using XRD and MDHS 101.
We used analysis of variance to calculate the statistical significance of the differences in average analyzed quartz concentration for the different analyses in the different industries. For all of the four industries, a significant difference was found. The one-way ANOVA showed the following numbers for the enamel industry (F(6,26) 5 10.070, P 5 0.000), foundry industry (F(6,26) 5 2.861, P 5 0.035), sand industry (F(6,17) 5 18.283, P 5 0.000) and brickworks industry (F(6,26) 5 8.802, P 5 0.000). A Bonferroni post-hoc test was performed and confirmed significant differences between the different samplers. The P-values marked with * are tested in the 95% confidence interval for the multiple comparisons (Table 5 ) and show a significant difference.
DISCUSSION
The differences in the masses collected by each sampler are potentially caused by two main factors, the particle size selection performance of the sampler and the varying workplace atmosphere.
Due to cost considerations, we did not test the homogeneity of the WAM in all the workplaces, but the variability of one test with the SIMPEDS sam- pler in a factory was very good and the differences between samplers are fairly consistent in each industry. Overall, we can say that the SKC HD cyclones, especially with polycarbonate filter, gave low P-values and will sample differently from the other tested samplers. The SKC HD samplers are likely to sample more than the other samplers and potentially provoke more decisions to improve controls when it might not be needed. The differences are likely to be searched in terms of sampling efficiencies. It would be interesting for future research in this domain to mathematically determine the theoretical differences of the sampling efficiency curves. Conversely, the CIP10-R sample's performance, consistently poorer than the others, was not statistically significant from the SIMPEDS, BCIRA and Dorr Oliver. The within sampler comparison for the SKC HD shows no significant difference, although the SKC conductive cyclone with a polycarbonate filter and pore size of 0.8 µm seems to slightly, but consistently oversampled in comparison with the SKC sampler with PVC filter with a pore size of 5 µm. This may indicate that the choice of a particulate filter may also affect the sampling efficiency for this sampler. It would be interesting to determine the influence of divergent filters on the sampling efficiency in future research.
Data from the reported respirable quartz concentrations show different patterns. The laboratory using the AFNOR (Association Française de Normalisation) method NF X 43-262 (AFNOR, 1995b) for the samples from the CIP10-R sampler seems to significantly underestimate the concentration of quartz in the sampled respirable dust fraction when compared with other analytical techniques and samplers. The IR methods analysing the PVC filter from the SKC conductive black cyclone also show significant differences from the other methods, potentially due to the oversampling of respirable dust. Even in the simplest analysis case, the sand industry, significant differences were found between samplers and analyses on those filters. Not reported in the results section was a surprising difference between laboratory results when the cristobalite was also present in samples. The IR techniques reported the highest values for quartz without seemingly taking into account the presence of cristobalite, and the majority of the laboratories using XRD, a technique capable of distinguishing the different crystalline forms of silica, only reported the value for quartz. Only one laboratory using XRD reported quantitative values for the presence of both quartz and cristobalite. This indicates that the choice of the sampler and the method selected to measure RCS are both predominate factors. This would have a significant impact in the assessment of workers' exposure to RCS, especially in a regulatory regime that has different exposure limits for the two most common crystalline forms, quartz and cristobalite. 
